Introduction {#sec1}
============

Macular telangiectasia type 2 (MacTel) is a bilateral progressive degenerative disorder of the macula of unclear etiology. Since its initial description as a retinovascular condition more than 30 years ago,[@bib1] our understanding of the disease has evolved with advances in imaging technology, from results of recent histologic studies,[@bib2]^--^[@bib4] and with genetic and metabolomics analyses.[@bib5] It is now thought to represent a primary neuroglial disorder of the macula with localized Müller cell and photoreceptor dysfunction and loss.[@bib6] Patients with MacTel have characteristic hyporeflective inner retinal and outer retinal cavities, as well as ellipsoid zone (EZ) disruptions (EZ lesions) on spectral domain optical coherence tomography (SDOCT) that are considered to be degenerative and progressive in nature. These EZ disruptions have been shown to correlate with visual function on microperimetry and electrophysiology, and are suggested to be a better indicator of disease progression in MacTel than changes in visual acuity alone.[@bib7]^,^[@bib8]

Evidence is emerging that an EZ lesion may not necessarily represent an absence of cone structure.[@bib4]^,^[@bib7]^--^[@bib10] For example, adaptive optics scanning light ophthalmoscopy (AOSLO) imaging has demonstrated remnant cone inner segment structure in areas of EZ damage across a range of retinal diseases, including one case of MacTel.[@bib11]^,^[@bib12] Furthermore, EZ lesions can change in appearance, sometimes spontaneously. Full or partial recovery of EZ lesions has been observed in some patients with popper-induced maculopathy,[@bib13]^,^[@bib14] laser-induced injury,[@bib15]^,^[@bib16] and MacTel.[@bib8]^--^[@bib10] In addition, in a recent study of MacTel,[@bib9] spontaneous recovery of EZ reflectivity on SDOCT was accompanied by recovery in the visibility of the cone mosaic using confocal AOSLO in two of three eyes assessed on follow-up imaging. Furthermore, testing using AOSLO microperimetry demonstrated some residual function within these EZ lesions, despite the absence of visible cones.[@bib9] The authors hypothesized that these dark regions may contain abnormal cone outer segments, which would lack the normal reflectivity expected on confocal AOSLO imaging.[@bib9] Together, these studies demonstrate the need for better characterization of remnant cone structure within EZ lesions in MacTel, as well as a better understanding of the nature of cone photoreceptor recovery in these patients.

Here we used split detector and confocal AOSLO to provide a longitudinal assessment of cone photoreceptor structure in patients with MacTel to evaluate the natural history and detailed structure within the very earliest stages in the development of these SDOCT EZ lesions. These results demonstrate how AOSLO can help to inform the interpretation of SDOCT imaging.

Methods {#sec2}
=======

Participants {#sec2-1}
------------

This prospective, observational study included patients with MacTel who were participants in the international MacTel Natural History Observation Registry at Moorfields Eye Hospital.[@bib17] All patients underwent SDOCT imaging as a part of their enrollment in the registry. The diagnosis of MacTel was confirmed by the Moorfields Eye Hospital Reading Centre (London, UK). The study was approved by the local institutional review board and all research procedures followed the principles of the Declaration of Helsinki. Written informed consent was obtained from all participants. Patients were followed up with longitudinal assessments of visual acuity, funduscopic examination, and multimodal imaging performed at baseline, 6 months and 12 months. Best-corrected visual acuity (BCVA) was performed using Early Treatment Diabetic Retinopathy Study charts[@bib18]^,^[@bib19] and was converted to logarithm of the minimum angle of resolution using standardized conversion charts. No eyes received any treatment or surgery during the course of the study.

Inclusion Criteria {#sec2-2}
------------------

Patients from the MacTel registry at Moorfields Eye Hospital were recruited for this study based on the presence of small EZ lesions on SDOCT. An early EZ lesion was defined as the absence of EZ reflectivity measuring up to approximately 500 microns on at least two contiguous B-scans within a volume scan with normal reflectivity (subjectively determined) on either side of the lesion.

Exclusion Criteria {#sec2-3}
------------------

Patients were excluded from this study based on the presence of any opacification of the ocular media or poor fixation stability, which may preclude reliable retinal imaging. Eyes were also excluded if they had late stage complications of MacTel, as defined by the presence of pigment plaques on color fundus imagery, subretinal neovascularization, or any concomitant retinal pathology.

Imaging Protocol and Analysis {#sec2-4}
-----------------------------

### Optical Coherence Tomography {#sec2-4-1}

Patients were imaged by SDOCT (HRA OCT+Spectralis S3300-IFP with Heyex image acquisition software version 6.3.1; Heidelberg Engineering, Heidelberg, Germany) using the standard 30° objective lens. Pupils were dilated before each imaging session with 1% tropicamide and 2.5% phenylephrine eye drops. At all visits, SDOCT volume scans to locate foveal EZ lesions for AOSLO imaging were acquired. At baseline, the distance between B-scans ranged from 11 to 121 µm. Follow-up mode was used where the baseline and 6-month visit scans had 11 µm distance between B-scans (see [Supplementary Table S1](#tvst-9-4-27_s005){ref-type="supplementary-material"} for SDOCT parameters). En face (transverse) images for each SDOCT volume were generated using the 3D View Transverse View option in Heidelberg Eye Explorer (version 1.9.10.0) by maximum intensity projection of segmented EZ (photoreceptor 1 segmentation). Foveal EZ lesion area was identified by outlining hyporeflective regions in en face images within Heidelberg Eye Explorer as described previously.[@bib8] The EZ was also segmented from the SDOCT volumes by using custom software[@bib11] (e.g., [Supplementary Fig. S1](#tvst-9-4-27_s001){ref-type="supplementary-material"}) to avoid interpolation introduced by the Spectralis and compare EZ reflectivity between visits and to AOSLO images.

### Adaptive Optics Scanning Light Ophthalmoscopy {#sec2-4-2}

After SDOCT imaging, patients were imaged using a custom-built AOSLO at Moorfields Eye Hospital, as previously described.[@bib20]^,^[@bib21] In brief, a 790-nm light source was used for imaging and an 850-nm light source was used for wavefront sensing. The power of these light sources measured at the cornea was 70 and 17 µW, respectively.[@bib22] Each patient was stabilized by using a dental impression on a bite bar. Simultaneous confocal and nonconfocal split detector AOSLO images focused on the photoreceptor mosaic were acquired in absolute spatial and temporal co-registration.[@bib22] Although confocal AOSLO is thought to reflect the waveguiding behavior of intact cone photoreceptors, split detector AOSLO relies on multiply scattered light to visualize the cone inner segment structure.[@bib22] Image sequences consisting of 150 frames with an acquisition rate of 16.6 frames per second were recorded at different locations across the central fovea and parafovea using a fixation target. Images using a 1° x 1° field of view were acquired around and throughout the foveal EZ lesion based on its extent as guided by SDOCT imaging, and 1° x 1° and 1.5° x 1.5° field of view images were acquired up to 5° superior from the fovea and to a large vessel for alignment to other imaging modalities.

After AOSLO image acquisition, the raw frames from the image sequences were corrected for sinusoidal distortions and strip registered to a reference frame, as previously described.[@bib23]^,^[@bib24] This process resulted in both a confocal and a split detector .tif image from each retinal location imaged. For each eye, the confocal and split detector AOSLO images were montaged simultaneously and semiautomatically using a multimodal montaging algorithm.[@bib25] Montages were reviewed by K.M.L. and the position of overlapping images manually adjusted as necessary using Adobe Photoshop CS6 (Adobe Systems, Inc., San Jose, CA).

Axial length was measured using a Zeiss IOL Master (Carl Zeiss Meditec, Jena, Germany) and used to scale AOSLO images as previously described.[@bib26] AOSLO montages were manually aligned using Adobe Photoshop CS6 to infrared reflectance and en face SDOCT images using retinal vasculature. For intrapatient comparisons between visits, AOSLO montages were transformed to the same scale (µm/pixel).

Regions of interest (ROIs) (55 × 55 µm) from the split detector AOSLO montages were selected manually at 1° eccentricity. An additional ROI was selected within the EZ lesion, subjectively positioned at a location with clearly retained cone structure. Not all eyes were able to be used for this analysis owing to variability in image quality. For each ROI, cones were manually identified using custom software (Translational Imaging Innovations, Inc., Hickory, NC).[@bib27] From these cone coordinates, cone density and cone spacing (intercell distance) were estimated for ROIs at 1° eccentricity, whereas only cone spacing (intercell distance) was estimated for the ROIs within EZ lesions (owing to the patchy appearance of the remnant cones). The intercell distance was calculated as the average distance between a cell and all of its immediate neighbors.[@bib27] Only cones with their corresponding Voronoi cell fully contained within the ROIs were included in the cone density and spacing estimates.[@bib27]

Statistical Analysis {#sec2-5}
--------------------

Statistical analyses for cone density and EZ lesion area were done using GraphPad Prism (version 7.04). Data were tested for normality using the Shapiro-Wilk test. To test the null hypothesis that there is no change in perilesional cone density (1° eccentricity), a linear mixed model with random eye effect was used. Significance for all tests was defined as *P* \< 0.05.

Results {#sec3}
=======

From a total of 119 patients on the MacTel registry at Moorfields Eye Hospital, 13 patients met our inclusion criteria for small EZ lesions and were invited to participate in this study. The majority of patients on the registry were not eligible owing to the EZ break being too large or poorly defined on SDOCT or late-stage MacTel. Ten eyes from seven patients were enrolled in this study with a mean (± standard deviation) age of 57.4 ± 10.5 years. All eyes had nonproliferative MacTel (See [Supplementary Fig. S2](#tvst-9-4-27_s002){ref-type="supplementary-material"} for color fundus photographs).[@bib28] Patient characteristics including best-corrected visual acuity and EZ lesion area are summarized in [Table 1](#tbl1){ref-type="table"}. Five of the seven patients (six of 10 eyes) completed the 12-month follow-up, with two patients not returning for the 12-month visit because they were unavailable during the scheduled imaging period.

###### 

Patient Characteristics and Visual Acuity Over Time

  Patient    Sex   Baseline Age (y)   Eye  Axial Length (mm)   Baseline BCVA (LogMAR)   12-Month BCVA (LogMAR)                    Baseline EZ Lesion Area (mm^2^)
  --------- ----- ------------------ ----- ------------------- ------------------------ ----------------------------------------- ---------------------------------
  1           M           56          OD   23.14               0.2                      0.2                                       0.02
                                      OS   23.09               0.2                      0.2                                       0.65
  2           F           54          OD   20.63               0.3                      0.3                                       0.03
                                      OS   20.41               0.3                      0.3                                       0.11
  3           F           52          OD   22.36               0.1                      0.1                                       0.01
                                      OS   22.48               0.2                      0.2                                       0.19
  4           M           46          OD   21.96               0.4                      0.2                                       0.1
  5           M           59          OD   23.61               0.4                      0.6[^\*^](#tb1fn2){ref-type="table-fn"}   0.2
  6           M           54          OD   23.02               0.65                     0.6[^\*^](#tb1fn2){ref-type="table-fn"}   2.22
  7           F           79          OS   22.53               0.2                      0.48[^†^](#tb1fn3){ref-type="table-fn"}   0.03

BCVA, best-corrected visual acuity; F, female; logMAR, logarithm of the minimum angle of resolution; M, male,

Last follow-up at 6 months.

At the 9-month follow-up .

As assessed with location-matched SDOCT B-scans, four of nine eyes with 6-,12-, or 6- and 12-month follow-up imaging showed recovery of EZ reflectivity (both eyes of patient 2, right eye of patient 3, and right eye of patient 4). Patient 2 showed reduced EZ reflectivity in the left eye at 6 months followed by partial recovery of EZ reflectivity at the same location at 12 months ([Figs. 1](#fig1){ref-type="fig"}A--[1](#fig1){ref-type="fig"}C, *vertical arrows*). In addition, we observed recovery of EZ reflectivity (i.e., lesion resolution) after 12 months in the right eye of patient 4 ([Figs. 1](#fig1){ref-type="fig"}D--[1](#fig1){ref-type="fig"}F). Similar recovery of EZ reflectivity at 12 months was seen in the right eye of patient 2 and the right eye of patient 3 (data not shown). All four eyes that showed recovery of EZ reflectivity had a continuous external limiting membrane (ELM) overlying the lesion at baseline; however, the ELM appeared to be thicker with increased reflectivity compared with areas adjacent to the lesion (e.g., [Fig. 1](#fig1){ref-type="fig"}D, *arrow*). In some of the cases with recovery of EZ reflectivity, the increased reflectivity extended into the outer nuclear layer, although this was not always visible in cases with inner retinal hyporeflective spaces at the fovea. The ELM was present in five of seven eyes at the 12-month follow-up visit ([Table 2](#tbl2){ref-type="table"}). Although the ELM was present in some cases overlying EZ lesions, in other cases the ELM was ambiguous in appearance or absent (e.g., [Supplementary Fig. S3](#tvst-9-4-27_s003){ref-type="supplementary-material"} and [Supplementary Figs. S4](#tvst-9-4-27_s004){ref-type="supplementary-material"}A--[S4](#tvst-9-4-27_s004){ref-type="supplementary-material"}D).

![Examples of EZ lesion recovery on follow-up. Location matched SDOCT B-scans at the fovea of the left eye of patient 2 with a foveal EZ lesion (*vertical arrow*) at baseline (A), 6 months (B), and 12 months (C). SDOCT B-scans at the fovea of the right eye of patient 4 with a foveal EZ lesion at baseline (*arrow*, increased reflectivity and thickness of the ELM) (D), 6 months (E), and 12 months (E). Scale bar = 200 µm.](tvst-9-4-27-f001){#fig1}

###### 

Summary of Features Visible by Multimodal Imaging

  Patient    Eye   EZ/ELM/Confocal AOSLO/Split Detector AOSLO at Baseline   EZ/ELM/Confocal AOSLO/Split Detector AOSLO at 6 Months   EZ/ELM/Confocal AOSLO/Split Detector AOSLO at 12 Months
  --------- ----- -------------------------------------------------------- -------------------------------------------------------- ---------------------------------------------------------
  1          OD                       -- / -- / -- / +                                          0 / 0 / 0 / 0                                            -- / + / + / +
             OS                       -- / -- / -- / +                                          0 / 0 / 0 / 0                                             0 / 0 / 0 / 0
  2          OD                       -- / + / -- / +                                          -- / + / -- / +                                           \+ / + / + / +
             OS                       -- / + / -- / +                                          -- / + / -- / +                                           \+ / + / -- / +
  3          OD                        -- / + / + / +                                           0 / 0 / 0 / 0                                            \+ / + / + / +
             OS                       -- / -- / -- / +                                          0 / 0 / 0 / 0                                           -- / -- / -- / +
  4          OD                       -- / + / -- / +                                           -- / + / + / +                                           \+ / + / -- / +
  5          OD                       -- / + / -- / +                                          -- / + / -- / +                                            0 / 0 / 0 / 0
  6          OD                       -- / -- / -- / +                                         -- / -- / -- / +                                           0 / 0 / 0 / 0
  7          OS                       -- / + / -- / +                                           0 / 0 / 0 / 0                          -- / + / 0 / 0[^\*^](#tb2fn4){ref-type="table-fn"}

+, visible; --, not visible; 0, image not available.

At the 9-month follow-up.

Using en face SDOCT images, the mean ± standard deviation EZ lesion area at baseline across all eyes was 0.39 ± 0.58 mm^2^ (median, 0.11 mm^2^; range, 0.01--2.22 mm^2^), which is comparable with previous reports.[@bib8]^,^[@bib29]^,^[@bib30] The median baseline EZ lesion area of the four eyes that showed recovery of EZ reflectivity in one or more location-matched SDOCT B-scans on follow-up was 0.07 mm^2^ (interquartile range, 0.02--0.11 mm^2^). We next sought to examine more subtle changes to cone structure within and around the lesions using AOSLO.

To facilitate comparison of SDOCT and AOSLO images, en face SDOCT images were manually aligned with AOSLO montages and corresponding AOSLO images using blood vessel patterns (see [Methods](#sec2){ref-type="sec"}). Across all eyes imaged, we identified remnant cone inner segments within the EZ lesions (as defined by en face SDOCT) in all eyes imaged (e.g., [Fig. 2](#fig2){ref-type="fig"}D and [Fig. 3](#fig3){ref-type="fig"}). The extent of this remnant cone structure ranged from a small number of cones near the lesion boundary to cones being present throughout the lesion area. Within the lesion in the patient shown in [Figure 2](#fig2){ref-type="fig"}, we observed ambiguous hyper-reflective structure on confocal AOSLO ([Fig. 2](#fig2){ref-type="fig"}C). Using split detector AOSLO, we identified remnant cone structure within the EZ lesion ([Fig. 2](#fig2){ref-type="fig"}D). This cone structure aligned with low reflectivity areas of the confocal image, as opposed to the hyper-reflective structures ([Figs. 2](#fig2){ref-type="fig"}C, D). This finding suggests that such hyper-reflectivity within the lesion boundary seen on confocal AOSLO is not photoreceptor in origin, and may originate from the retinal pigment epithelium, as is seen in other inherited retinal degenerations.[@bib31] Although we could not track individual cones across follow-up visits, we quantified the spacing of cones within the extent of the foveal EZ lesions at baseline and all follow-up visits for six patients (nine eyes). Cone spacing ranged from 4.97 to 9.95 µm at baseline, 5.30 to 6.10 µm at 6 months, and 4.99 to 7.12 µm at 12 months. These values are well outside the normal range reported for similar eccentricities (3.15 to 4.54 µm for 0 to 300 µm eccentricity).[@bib27]^,^[@bib32]

![Remnant cones are present at borders and within EZ lesions. Images are from the right eye of patient 1. SDOCT B-scan with fovea EZ lesion (*arrow*) (A) at level of the dashed line on infrared reflectance and en face images (B). Alignment of multimodal imaging revealed hyporeflective areas containing ambiguous reflectivity in locations of EZ lesions by confocal AOSLO (C), and remnant cone structure (*white arrows*) within or on the borders of the EZ lesions by split detector AOSLO (*dotted outlines* show approximate extent of lesion) (D). The *white line* on SDOCT corresponds with the lateral extent of the AOSLO images. Asterisk, fovea. Scale bars = 200 µm (A--B), and 100 µm (C--D).](tvst-9-4-27-f002){#fig2}

![Remnant cone structure within and on borders of foveal EZ lesions. Remnant cones (*white arrows*) within the extent of the foveal EZ lesions (*yellow dashed line*) are visible on split detector AOSLO images (E--H) and not visible on logarithmically transformed confocal images (A--D) in the right eye of patient 3 at 117 µm eccentricity (A, E), left eye of patient 1 at 440 µm eccentricity (B, F), left eye of patient 2 at 166 µm eccentricity (C, G), and right eye of patient 6 at 737 µm eccentricity (D, H). Scale bar = 50 µm.](tvst-9-4-27-f003){#fig3}

The changes observed on SDOCT over time were generally consistent with the changes in cone reflectance on confocal AOSLO. For example, in those eyes that showed evidence of recovery of EZ reflectivity on SDOCT B-scans (four eyes), cone reflectance reemerged on confocal AOSLO in regions that had previously been dark in appearance. [Figure 4](#fig4){ref-type="fig"} shows images from a patient who had multilobular foveal EZ lesion, where one of the lesions demonstrated recovery of EZ reflectivity by SDOCT B-scans and the other remained relatively stable. In areas where the EZ reflectivity recovered, the cone mosaic reemerged on confocal AOSLO after only being visible on split detector AOSLO at baseline ([Figs. 4](#fig4){ref-type="fig"}B, [4](#fig4){ref-type="fig"}E, and [4](#fig4){ref-type="fig"}H, *arrow*). Another example is shown in [Figure 5](#fig5){ref-type="fig"}, where the lesion had a discrete hyporeflective border visible on SDOCT and confocal AOSLO at baseline and 6 months ([Figs. 5](#fig5){ref-type="fig"}B and [5](#fig5){ref-type="fig"}E), whereas at 12 months the lesion became more poorly defined ([Fig. 5](#fig5){ref-type="fig"}H). Just nasal to the lesion, the cone mosaic became newly visible at 6 months ([Fig. 5](#fig5){ref-type="fig"}E, *arrowhead*), but then disappeared at the 12-month visit ([Fig. 5](#fig5){ref-type="fig"}H, *arrowhead*). Cones became visible at 12 months in an area temporal to the fovea that was immediately adjacent to the EZ lesion, but in an area that had decreased reflectivity at 6 months ([Fig. 5](#fig5){ref-type="fig"}, *arrow*). In examining the lesions that showed recovery of EZ reflectivity and recovery of cone reflectance on confocal AOSLO, we occasionally identified remnant cone structure in areas where cone reflectivity recovered at the following time point ([Fig. 4](#fig4){ref-type="fig"}F and Fig. [5](#fig5){ref-type="fig"}F, *arrow*). However, because all lesions had some degree of remnant cone structure on split detector AOSLO, but only some lesions showed recovery during our 12-month follow-up, we cannot conclude that remnant cone structure is predictive of recovery of cone reflectivity on confocal AOSLO. [Table 2](#tbl2){ref-type="table"} shows a summary of the visibility of the features (EZ, ELM, and cones) by multimodal imaging. Last, despite the dynamic appearance of the cone mosaic on AOSLO near the EZ lesions, cone density and cone spacing at 1° eccentricity outside the EZ lesion areas overlapped with previously reported normative values ([Supplementary Table S2](#tvst-9-4-27_s006){ref-type="supplementary-material"}).[@bib27]^,^[@bib32] Despite this finding, there was a significant decrease in density during follow-up (*P* = 0.021, linear mixed model with random eye effect) ([Fig. 6](#fig6){ref-type="fig"}).

![Example of EZ lesion recovery and nonrecovery in multilobular lesion. Multimodal aligned images (SDOCT B-scans, *top row*; confocal AOSLO, *middle row*; split detector AOSLO, *bottom row*) of foveal EZ lesions at baseline (A--C), 6 months (D--F), and 12 months (G--I) from the right eye of patient 2. The *white line* in (A), (D), and (G) corresponds with the lateral extent of the AOSLO images. The *dashed line* is at the level of SDOCT B-scans in the *top row*. Asterisk, foveal center. *Arrows*, location matched pointing to changes in lesion and change in cone structure (see text for description) with a larger view in the inset. Scale bars = 200 µm (SDOCT images), 100 µm (AOSLO images), and 25 µm (*insets*).](tvst-9-4-27-f004){#fig4}

![EZ lesion recovery. Multimodal aligned images (SDOCT B-scans, *top row*; confocal AOSLO, *middle row*; split detector AOSLO, *bottom row*) of a resolving foveal EZ lesion over time from the right eye of patient 4 ([Fig. 1](#fig1){ref-type="fig"}) at baseline (A--C), 6 months (D--F), and 12 months (G--I). The *white line* in (A), (D), and (G) corresponds with the lateral extent of the AOSLO images. The *dashed line* is at the level of the SDOCT B-scans in the *top row*. Asterisk, foveal center. *Arrows*, location matched pointing to changes in lesion and change in cone structure (see text for description) with a larger view of the area surrounding the arrow in the inset. Scale bars = 200 µm (SDOCT images), 100 µm (AOSLO images), and 25 µm (*inset*).](tvst-9-4-27-f005){#fig5}

![Cone density outside MacTel lesions assessed over time. Shown are the median cone densities (*dashed horizontal lines*) for each time point (0, 6, and 12 months) at 1° eccentricity for MacTel. The ends of the boxes are the 25th and 75th percentiles, and the whiskers span the range of data. There was statistical change in cone density over time (*P* = 0.021, linear mixed model with random eye effect). Sample size is listed below each time point. Median normal cone density at 300 µm from Cooper et al.[@bib27] are also plotted for comparison.](tvst-9-4-27-f006){#fig6}

Discussion {#sec4}
==========

In this study, we identified remnant cone inner segment structure within foveal EZ lesions using split detector AOSLO, despite the absence of identifiable structures on SDOCT or confocal AOSLO. These results are consistent with previous postmortem histologic reports identifying cones in an area of absent EZ reflectivity on SDOCT in an eye with MacTel.[@bib4] Wang et al.[@bib9] also observed a decrease in the size of EZ lesions on SDOCT corresponding with the presence of contiguous cone arrays on confocal AOSLO in two patients with MacTel, and Heeren et al.[@bib8] observed one eye with a regression of EZ lesion of 0.04 mm^2^ per year.

Aside from recovery in EZ reflectivity, our results provide further evidence for the presence of remnant cone structure that is not visible on standard ophthalmic imaging. In all eyes at baseline, remnant cone structure was identified within or at the border of at least one EZ lesion on split detector but not on confocal AOSLO. The spacing of the remnant cone structure identified within these EZ lesions was larger than normal.[@bib27] Split detector AOSLO has been used previously to image remnant cone structure at the borders of atrophic lesions, where cone structure abruptly terminates, in choroideremia.[@bib33] In our study, clusters of cones became visible at follow-up examinations on confocal AOSLO in areas previously identified as intralesional on SDOCT. These changes on confocal AOSLO have been reported previously,[@bib9] but the mechanism for this change remains unclear. It is possible, but improbable, that new cones are forming in these locations. Another possibility is that cones could migrate from the perilesional region. The cone density in surrounding areas was similar to normal cone density at 1° eccentricity,[@bib34] yet significantly decreased over follow-up. Similarly, cone spacing at these locations overlapped with previously reported values in similar locations.[@bib27]^,^[@bib32] Therefore, despite our small sample size, we cannot rule out migration of nearby cones toward the lesion boundary or actual loss of cells owing to disease progression. The most likely mechanism for this phenomenon may be that the cones are dysflective; that is, cones are present but lose reflectivity on standard confocal AOSLO imaging owing to inherent structural or functional abnormalities or changes in the local microenvironment.[@bib7] Because we did not measure cone function, this might not be the case for all cones within the EZ lesions, however, and warrants direct functional testing such as that done by Wang et al.,[@bib9] combined with split detector AOSLO. In many cases, these clusters of cones were visible on split detector AOSLO at previous visits. Reappearing cones on confocal AOSLO had a corresponding recovery of EZ (see [Fig. 4](#fig4){ref-type="fig"}), but an intact EZ was not always associated with the appearance of cones on confocal AOSLO (see [Fig. 5](#fig5){ref-type="fig"}). As we observed, cone structure on split detector AOSLO does not always correspond with an intact EZ as evident in EZ lesions, but are present in areas of recovered EZ. Because the visibility of these purported dysflective cones on different modalities is altered as compared with normal cones, this finding suggests that the environment surrounding the cones may be undergoing dynamic changes, possibly from intraretinal fluid from inner retinal cavitations,[@bib35] vascular abnormalities,[@bib6] subretinal debris,[@bib36] or Müller cell dysfunction,[@bib3]^,^[@bib4] causing an alteration in the optical properties of cones in those locations. Such changes may also affect the directionality of cones within the EZ lesion, which may be visible through the use of directional OCT,[@bib37] which was not used in this study. Additionally, such alterations may affect the waveguiding of cones and their visibility on confocal AOSLO.[@bib38] It is also important to note that the resolution limit of split detector AOSLO imaging may affect the visibility of normal cones in the fovea where they are tightly packed.[@bib22] Cones adjacent to small foveal EZ lesions may not be easily visible by split detector AOSLO, yet visible by confocal AOSLO.

Although this study was not designed to assess EZ lesion size, longitudinal assessment over 12 months using multimodal imaging suggested recovery of EZ reflectivity in four of the six eyes imaged at follow-up. Although the baseline size of the EZ lesions in our study is within the range reported for MacTel, it was on the smaller end of the spectrum reported in the MacTel registry.[@bib29]^,^[@bib39] It is also important to note that recovery of EZ reflectivity was only observed in EZ lesions smaller than 0.16 mm^2^, which is the lower inclusion limit in the current treatment trials. Small lesions are more prone to imaging variability (e.g., minor displacements of B-scans, resulting in imprecise spacing) than larger lesions. Thus, some of the observed recovery of the EZ lesions might be artefactual, although the concomitant recovery of AOSLO reflectivity in some cases argues against this notion. It seems likely, however, that this waxing and waning phenomenon is a feature of smaller EZ lesions. Natural history studies that examine EZ lesion appearance at shorter time intervals, with more dense OCT sampling patterns, and review of clinical trial baseline groups may help to elucidate this phenomenon further.

Because only patients from the MacTel registry with small discrete EZ lesions were targeted for this study, our findings may not be generalizable to all patients with MacTel, particularly those with large and/or irregular EZ lesions. It is likely that this small subgroup of patients is not representative of all possible phenotypes of MacTel (thereby introducing selection bias). Although it is now possible to identify remnant cone structure on multimodal imaging, it is unclear where this recovery in EZ reflectivity lies on the disease trajectory. It may be akin to a slow flickering light bulb before it dies, but whether future EZ losses recur in the same location is unknown. It is possible that a genetically or metabolically distinct subgroup has more potential for cone recovery than others. Furthermore, the function of individual cones within the small EZ lesions in the patients in our study remains to be determined. Previous studies have demonstrated that visual acuity is not a good indicator of disease progression in MacTel, because the foveal center might not always be contained in a scotoma.[@bib40] In our study, the only patient with improved best-corrected visual acuity and recovery of EZ reflectivity (patient 4) had a lesion that included the anatomic fovea. Further studies using AOSLO microperimetry in eyes with EZ recovery such as Wang et al.,[@bib9] which has already demonstrated visual sensitivity in areas with varying degrees of cone reflectivity on confocal AOSLO, and no visual sensitivity in areas without ELM will help to map out the extent of visual function in these dysflective cone regions.[@bib7]

An absence of the EZ, as observed in this study, and in other retinal conditions,[@bib11]^,^[@bib12]^,^[@bib41] needs careful interpretation because it does not always indicate an absence of underlying cone structure. For example, in achromatopsia, the EZ is not a good indicator of underlying remnant cone structure, especially in cases with a hyporeflective zone or absent EZ at the fovea, where remnant cone structure is present on split detector AOSLO.[@bib12] In some conditions, the integrity of the ELM may help to predict the presence of remnant cones on SDOCT. Previous studies have shown that, in idiopathic macular holes, the presence of the ELM was necessary for restoration of the EZ after macular hole repair surgery.[@bib42]^--^[@bib44] In our study, the ELM overlying EZ lesions was continuous in all eyes with recovery of EZ reflectivity, although not all lesions with an intact ELM proceeded to have cone recovery at 12 months. This finding suggests that an intact ELM only increases the probability of EZ recovery at 12 months. Longer studies may be necessary to show whether an intact ELM predicts cone recovery after 12 months. In MacTel, areas of absent EZ have been correlated with rod loss in postmortem histology.[@bib4] Because our study only focused on EZ lesions at the fovea, it remains to be determined if EZ lesions outside of the fovea in locations with higher rod density show evidence of recovery of reflectivity as well. Importantly, our findings relate not only to diseases like MacTel, but may also translate to other degenerative retinal diseases (e.g., retinitis pigmentosa, hydroxychloroquine toxicity, Stargardt disease, and age-related macular degeneration), which rely on SDOCT biomarkers, such as retained EZ width,[@bib45]^--^[@bib48] as evidence of disease progression and surrogate markers of visual function.
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